ABSTRACT. Mesoscopic patterns have been observed to form in thin polymer films undergoing a fast dip-coating process. Though several mechanisms for creating of mesoscopic patterns have been proposed, the mechanism of the evaporation-induced mesoscopic self-organization is not yet fully understood. The paper aims to explain this phenomenon by studying the stability of a thin evaporating film. The analysis does not assume long wave disturbances or quasi-steady base solution. It is found that under these conditions there exists a purely thermal instability mechanism that could be responsible for mesoscopic pattern formation. The instability is caused by increasing of evaporation with the film thinning due to higher heat flux from the substrate to the film surface.
Introduction
Micrometric polymer structures have attracted considerable interest owing to their importance for various optical applications [1] [2] . Recently Bormashenko et al. [3] developed a new method of formation of mesoscopically patterned thin polymer films through a fast dip-coating process. Drying of the polymer solution falling vertically along a metal, glass or polymer substrate resulted in creating of 30 -50 μm cells within the film. The characteristic size of the cells was practically insensitive to the kind of polymer, solvent or substrate and to the atmospheric humidity but depended strongly on the substrate thickness. The mesocopic pattern was obtained only for thin substrates with a thickness of less then 150 μm.
So far several mechanisms for creating of mesocopic patterns have been proposed including Maragoni instability [4] and surface-tension-driven instability caused by a plume of solvent-rich fluid [5] . However, the mechanism of the evaporation-induced mesoscopic self-organization is not yet fully understood. The goal of the present work is to demonstrate the existence of a purely thermal instability mechanism that can be responsible for the mesoscopic pattern creation.
Stability of a thin evaporating film is a challenging problem due to the coupling between hydrodynamics, heat transfer and possibly mass diffusion and due to its being inherently unsteady [6] . Typical approaches applied to this problem included the normal mode analysis (quasi-steady base state) [7] , the integral method [8] and the lubrication theory (long-wave disturbances) [9] . While the first two approaches are by their nature approximate the latter method which is based on the assumption that the disturbance wave length is much large that the mean thickness of the film was successfully used to study the nonlinear stability of evaporating and condensing liquid films [9] . On the other hand, the typical disturbance wave length in the experiments of Bormashenko et al. [3] should be about the characteristic size of the mesoscopic sell, i.e. 30 -50 μm. Such a wave length is too short for the longwave analysis.
In this work we consider an evaporating thin polymer film studied experimentally in [3] and analyze its stability without the assumption of long wave disturbances. We will see that under these conditions there exists a purely thermal instability mechanism.
Physical considerations and basic state
The schematics of the dip-coating process used by Bormashenko et al. [3] to produce thin polymer films is shown in Fig. 1 . The substrate is pulled vertically from the polymer solution. The liquid film falls along the substrate and solidifies during the evaporation of the solvent.
We now proceed to develop a simplified model of polymer film evaporation in this process.
Viscosity of concentrated polymer solutions is very high [10] and the velocities encountered in the experiments of [3] are therefore low. Under these conditions it is reasonable to neglect the flow velocity altogether. The evaporation rate can be determined by the heat flux to the film surface or by the diffusion of the solvent through the polymer film. The observation of Ref. [3] that the creation of the mesoscopic structures depends very strongly on the substrate thickness suggests that it is the heat flux through the substrate which is important.
We will therefore concentrate on the thermal problem and consider a polymer film with the time-dependent thickness δ(t) which is heated from above by a gas flow with the temperature T ∞ and the heat transfer coefficient h and also from below by a heat flux through the substrate (see Fig. 2 ).
While this heat transfer problem is unsteady, its characteristic time can be estimated as α δ = 2 0 c t , where δ 0 is the initial thickness of the film and α is the thermal diffusivity of the polymer solution. For concentrated solutions good estimation of α can be obtained from thermal diffusivity of polymer melts which is about 10 -7 m 2 /s (see Ref.
[10], Table 17 .1). Hence for a 50 μm film, t c = 0.025 s, which is very small in comparison with the film drying time (about 10 s [3] ). One can therefore consider the problem quasi-steady, the temperature T satisfying
(1)
here the y -coordinate is measured across the film (see Fig. 2 ).
One of the most important observations of [3] is the fact that the mesoscopic structures were obtained only for very thin substrate thicknesses when the substrate was in the thermal equilibrium with the surrounding gas. We will therefore assume that the substrate temperature is constant and equal to T ∞ . We also assume equilibrium evaporation so that the film surface temperature is constant and equal to its saturation value T s . Thus the boundary conditions for (1) are
The base problem (1)-(2) yields a linear temperature profile across the film
Evaporation rate J is determined by the heat flux to the film surface
where k is the heat conductivity and L is the latent heat of evaporation of the solvent.
Substituting (3) into (4), one obtains
then the equation for the film thickness will be
here ρ is the solution density.
The film thickness being small, the expression k hδ in (6) It can be shown [9] that solution (9) is the leading-order term in asymptotic expansion for slow evaporation. Equation (8) predicts that the rate of thickness decrease is inversely proportional to the film thickness. Hence one would expect that perturbation of the film will cause higher rate of decrease in troughs and lower rate of decrease in crests resulting in growing perturbation and instability. To prove this, we will now analyze the perturbed solution.
Perturbed solution
We now impose a perturbation ( ) t , x δ′ on the film thickness. The temperature field T(x,y,t) now satisfies Then, instead of (10)- (12) we can write Since the perturbation can change with time much faster then the base state, one cannot a priory consider the perturbed problem quasi-steady. However, such an assumption can be made after appropriate change of coordinates. We define
in the new coordinates, (23) becomes The parameter K is called Kutateladze number [7, 8] or Jakob number [12] . Its value is usually very low due to the high value of heat of evaporation and small temperature difference across the thin film. For example, in both [7] and [8] it was taken as 0.01. For the solvents used in [3] the value of K would be less than 0.05 even for the temperature difference of 10 o across the film (see Table 1 ). We will therefore neglect the right-hand side of (27) to obtain the following perturbed problem in the transformed coordinates 
One sees from (38) that the perturbation grows for all wave numbers and the base state is unstable.
Discussion
We have obtained that evaporation of a thin polymer film is unstable. The instability found is thermal and caused by increasing of evaporation with the film thinning due to higher heat flux to the film surface. It can be responsible for the creation of mesoscopic structures in the experiments of Bormashenko et al. [3] .
It is seen from (38) the perturbation growth increases with the wave number. However, for sufficiently large κ the derivative x T ∂ ∂ becomes too large and neglecting the inertial terms is no longer justified. Only the full analysis that includes both thermal, flow and diffusion problem can find the most unstable wave number. Figures   Fig. 1 : Schematics of the dip-coating process [3] . 
